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Micromechanical Modelling of Dynamic
Behavior of Advanced Sheet Molding Compound
(A-SMC) Composite
H. Ayari1,2 & M. Shirinbayan1,3 & A. Imaddahen1 & S. Tamboura2 & H. Ben Daly2 &
A. Tcharkhtchi1 & J. Fitoussi1
Passive safety, particularly in the transport industry, requires maximizing the dissipation
of energy and minimizing the decelerations undergone by a vehicle following a violent
impact (crash). This paper proposes a strategy for identifying an anisotropic local damage
criterion in a moderate dynamic loading for Advanced Sheet Molding Compound (A-
SMC) composite materials. Multi-scale damage modelling based on the Mori-Tanaka
approach is put forward. Previously, the results of an experimental campaign carried out
on a range of strain rates varying from quasi static to 200 s−1 were used to identify a
probabilistic local damage criterion based on Weibull’s formulation and integrate the
effect of damage at a fiber-matrix interface scale. Therefore, the progressive local damage
occurring under a fast loading may be described. A two-step homogenization procedure
allows describing the strain rate effect on the stress-strain curves. The model gives also
rise to the prediction of the progressive anisotropic loss of stiffness. Comparing between
the experimental and numerical results confirms the ability of the proposed approach to
describe the visco-damage effect (delay of damage threshold and decrease in damage
kinetics) emphasized in A-SMC composites.
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1 Introduction
The development of composite structures with discontinuous reinforcements is progressing in
numerous sectors. These parts can withstand increasing thermomechanical loadings [1, 2].
Predicting the properties of the structure in terms of strain, damage and rupture becomes
essential [3]. This requires knowledge of the behavior laws of these materials. However, the
variability in the microstructure due to manufacturing processes makes global approaches
imprecise. For example, the material flow inside a mold leads to a specific orientation of fibers
in certain directions and causes the heterogeneity of the local fiber volume fractions and
sometimes even porosity. This main orientation results in local anisotropy, which varies from
one location to another [4].
In addition, the recommendations for an automotive structural design require
maximizing energy dissipation and minimizing the decelerations undergone by the
passengers of the vehicle during violent impacts. In this context, the analysis and
prediction of the mechanical behavior of materials and structures under a dynamic
loading as a function of the microstructure become very important. Indeed, the effect
of the strain rate effect on damage is generally analyzed at different scales, [5–9]. At
the local scale, a better understanding of the physical mechanisms directly related to
the progressive degradation of the composite materials at a macroscopic scale may
contribute to a better formulation of multi-scale damage modelling under dynamic
condition. To this end, a specific experimental campaign should be used in order to
quantify the threshold and kinetics of each local damage mechanism and its impact on
the residual macroscopic properties [4, 10].
A lot of studies dealing with discontinuous fiber-reinforced polymers reveal that fiber-
matrix interface debonding is generally the main local damage mechanism [8, 10–18]. The
experimental multi-scale analysis of tensile tests has shown that interface damage generally
begins at the most misoriented fibers versus tensile direction. Indeed, the normal local stress is
maximal at this location. Then, it progressively propagates to more oriented fibers. Therefore,
fiber-matrix interface damage may be described by coupling the normal and shear stresses at
the interface [8].
The experimental work on the dynamic behavior of Sheet Molding Compound (SMC)
materials is relatively rare [7, 10, 17–23]. Such studies have demonstrated that the strain rate
has a strong influence on the macroscopic mechanical characteristics of the SMC materials of
all types. Therefore, the effect of this parameter should be clearly considered for efficient use
of the material in structures.
This shows that Young’s modulus remains almost insensitive to the strain rate ranging from
almost static up to 200 s−1. Moreover, it has been proved that the increase in the strain rate
leads to a rise in the threshold and a decrease in the damage kinetics [7]. In fact, the viscous
aspect of damage to the fiber-matrix interface is clearly demonstrated by interrupted tests. This
aspect is expressed by a delay in the initiation phase and by a decline in the damage kinetics
during the propagation phase. Such behavior is described as “visco-damaging”; a concept
proposed by Fitoussi et al. [10].
A later study [22] indicated that the other SMC types (advanced-SMC with high volume
reinforcement fraction and low-density SMC) showed the same trends. The origin of visco-
damage can be attributed to the sensitivity of the fiber-matrix interface to speed and to local
dynamic effects. The following trends can be observed to conclude when the loading speed
increases [24–28]:
& The slope at the origin of the stress/strain curve increases as viscous effects tend to
saturate.
& The stress at break increases.
& The fracture strain decreases.
The main goal of the developed methodology is to set up a micromechanical model. In order to
describe the visco-damage effect described above, the latter should relate the effects of the
strain rate on the overall behavior in terms of elastic properties, damage and ultimate
characteristics to the local physical mechanisms involved in the initiation and growth of
damage.
Thus, a homogenization technique generally based on Eshelby’s equivalent inclusion [29]
should be used. For polymers reinforced by discontinuous fibers, the approach proposed by
Mori and Tanaka [30] and generalized by Benveniste [31] is classically used. This model rests
on the detailed description of the microstructure, the orientation distribution, and the volume
fraction of fibers. It also considers the mechanical behavior of each phase [32].
Local damage may be introduced into Mori and Tanaka approach by an interface failure
criterion given in Weibull’s probabilistic form, in order to consider the statistical aspects of
local failure [33].
Meraghni and Benzeggagh [34] investigated damage propagation in randomly oriented,
discontinuous, fiber reinforced composites. Their experimental studies involving the amplitude
analysis of acoustic emission signals and microscopic observations revealed one dominant
damage mechanism: the interface damage. Several other authors [7, 10, 35] have confirmed
that fiber-matrix interface debonding is the primary damage mechanism in SMC composites.
Jendli et al. [7] qualitatively analyzed the influence of the strain rate on the damage
threshold and accumulation. Performing monotonic and interrupted tensile tests at different
strain rates, Jendli et al. [12] showed that both damage onset and kinetics are sensitive to the
strain rate, such that the interface failure strength increases with increasing strain rate. Similar
findings were obtained by Fitoussi et al. [10] and Shirinbayan et al. [18].
Moreover, Fitoussi et al. [36] suggested a micromechanical model based on an equivalent,
anisotropic inhomogeneity approach for damaged fibers. Their fiber-matrix interface
debonding model was based on a criterion with the linear coupling of the local shear and
normal stress on the interface [37]. This work was followed by an extension that considered
local strain and stress fluctuations, and a probabilistic interface-strength distribution [33].
Meraghni et al. [38] developed a similar model that combined a microcrack density parameter
with fiber-matrix decohesion in order to decrease the fiber strain localization tensor.
Along with their experimental findings, Desrumaux et al. [32] introduced a two-step
homogenization damage model for a randomly oriented fiber composite based on a numeri-
cally determined Eshelby tensor. In the first step, an anisotropic, equivalently damaged matrix
is calculated by considering the undamaged matrix and microcracks. In the second step, the
fibers were embedded in the damaged matrix using a numerical Eshelby tensor. A comparable
two-step homogenization framework was pursued by Jendli et al. [29] and Kammoun et al.
[39], who followed approaches for interfacial decohesion and pseudo-grain sub-regions.
Meraghni et al. [40] further developed the probabilistic strength model.
Despite the enormous work already carried out in the context of research on
micromechanical modelling under dynamic stresses for polymers reinforced with staple fibers,
some shortcomings are still observed. Some of these shortcomings are resolved in this paper.
However, the developed model is based on a quadratic interfacial criterion which is
independent of the applied macroscopic three-dimensional load, due to its local nature.
Therefore, it can be identified based on a simple dynamic load and it can be applied to an
actual structural design for the prediction of the decrease in anisotropic stiffness, which is not
the case for Jendli [18] who worked with a limiting stress that varied according to the value of
the applied macroscopic strain rate.
We conclude that the main objective is to identify a numerical form of the evolution of
normal local stresses and shear stresses at the fiber-matrix interface under dynamic loading.
1.1 Description of Material and Experimental Methods
1.1.1 Material
The studied material is an Advanced SMC (A-SMC) composite used in the automotive
industry and provided by Plastic Omnium auto exterior services. It consists of an unsaturated
vinylester matrix reinforced by a 50% glass fibers weight content (corresponding to a 38.5%
volume content). The fibers are presented in the form of bundles of constant length (L =
25 mm). Approximately, each bundle contains 250 glass fibers of about 15 μm in diameter.
Before compression, non-reticulated A-SMC sheets containing randomly oriented bundles are
deposited on the mold surface. For more details, the manufacturing process was discussed in
the article of Shirinbayan [17, 18].
1.1.2 Methods of Mechanical Characterization
Dynamic tensile tests are applied on A-SMC specimens for strain rates ranging from quasi-
static to up to 200 s−1. A hydraulic uniaxial tensile machine (Shenck) allowing high speed
displacement to control up to 20 m/s, as presented in Fig. 2. The maximum capacity is five
tonnes. A non-contact strain measurement using a high-speed camera (Photron) is performed
through monitoring the relative displacement of two marks placed on the surface of the active
zone of the tensile specimen (see [18] for more details).
The experimental campaign confirms a drastic reduction in the perturbations due to the
propagation of stress waves. Indeed, homogeneous strain fields and a constant high strain rate
are obtained. Figure 3 shows that, independently of the strain rate, the macroscopic stress-
strain response always evolves according to three consecutive phases. Indeed, after a linear
Fig. 1 Specimen dimension obtained from optimized procedure [17, 18]
The mechanical testing samples are cut from the plate to the geometry indicated in Fig. 1. In a
previous study [18], a recursive optimization procedure originally proposed by Fitoussi et al.
[9] was used to determine the specimen’s optimal geometrical parameters for high-speed
tensile tests. Indeed, the dynamic loading generates spatiotemporal variations of the stress
and strain fields coming from the propagation of mechanical waves. Consequently, an
optimization of the specimen geometry is needed in order to assure homogeneous strain field
and constant high strain rate during the mechanical test. To this end, Finite Element (FE)
simulation using an explicit resolution in order to take into account inertial effects is used. The
specific anisotropy of the specimen is considered. This procedure is used an A-SMC and leads
to the optimized geometry illustrated in Fig. 1.
elastic stage, the tensile response of A-SMC composites is characterized by a damage
threshold corresponding to the first non-linearity. The non-linear phase around the “knee
point” is associated with the initiation of damage mechanisms. Finally, an anelastic and
relatively linear phase corresponds to the intensification and propagation of the damage
phenomena until final failure.
It should be highlighted that for the studied composite material (A-SMC), the elastic stage
of the stress-strain curve seems insensitive to the strain rate.
However, a delay of the damage threshold can be noticed when increasing the strain rate.
Moreover, damage kinetics (characterised by the slope of the second linear phase) decrease
with the strain rate. On the other hand, the failure stress increases at high strain rates. These
strain rate effects were largely described in [18]. The authors introduced the concept of the
visco-damage effect which was studied at both macroscopic and macroscopic scales (Fig. 4).
Fig. 2 Hydraulic uniaxial tensile machine (Shenck) and b) Interrupted tensile tests dispositive
Fig. 3 Effect of strain rate on tensile behavior of A-SMC
At the macroscopic scale, the progressive stiffness reduction of the A-SMC should be
characterized by E0 and ED, which are the Young’s modulus of the virgin and damaged
materials, respectively.
1.2 Presentation of the Used Model
The chosen model can be divided into three essential phases:
1- The estimation of the global stiffness tensor of the material from the mechanical and
geometrical properties of the constituents, using the approach of the mean field proposed
by Mori and Tanaka, coupled with Eshelby’s equivalent inclusion model.
2- The integration of a local damage criterion which allows the estimation and quantification
of the density of interfacial cracks. It is worth noting that the average local stress fields
inside the inclusions are also estimated and enables identifying the normal and tangential
stresses at any fiber-matrix interface point.
3- Modelling of the global behavior integrating the initial anisotropy due to the presence of
reinforcements and its evolution caused by damage.
The equations of the micromechanical model are recalled in the following. These equations
present the theoretical framework which permits the estimation of the overall mechanical
behavior (three-dimensional (3D) stiffness tensor) of the material as well as the local stresses at
the fiber-matrix interface and at the matrix level [19]. It was originally proposed by Mori-
Tanaka and subsequently adapted by Benvensite [31]. The reinforcement is modelled as an
ellipsoidal inclusion and is characterized by its aspect ratio (length/diameter) and isotropic
elastic properties. Eshelby’s equivalent inclusion method [41] is used into a classical homog-
enization method and leads to the formulation of the global stiffness tensor of the composite
(Eq. 1):
CComp ¼ Cm I þ f Qh i I þ f S−Ið ÞQh ið Þ−1
h i−1
ð1Þ
where Cm et S are respectively the matrix stiffness tensor and Eshelby’s tensor, f is the
reinforcement volume fraction, and Q presents the mean value of the “pseudo-tensors of
localization” defined for each family of reinforcement [19], i, by:
Fig. 4 Stresses exerted on fiber as a function of its orientation, θ (°) relative to direction of loading
Qi ¼ Cm−Ci  Si−I −Ci −1 Ci−Cm  ð2Þ
In these expressions, Si presents Eshelby’s tensor of the ith reinforcement family, which
depends on the mechanical properties of the matrix and the spatial arrangement and geometry
of the reinforcement. Tensors Ci represent the stiffness of the reinforcement families identified
by index i. For A-SMC composites, a reinforcing family is distinguished by its orientation in
the plane.
Different studies [41–43] have treated the stress discontinuity just out of the fiber/matrix
interface. When the material is subjected to a macroscopic stress ∑, the average stress field
inside a fiber is given by (Eq. 3):
σi ¼ Cm I þ Si−I Qi  I þ f S−Ið ÞQh ið ÞCm−1∑ ð3Þ
Considering the condition of the continuity of the normal stress at the fiber-matrix interface
[19], the normal stress can be computed as follows:
σn ¼ T!: n! ð4Þ
Where T
!
corresponds to the stress vector at the considered interfacial point defined by the
normal n!.
T
!¼ σi: n! ð5Þ




! − σnð Þ2
r
ð6Þ
The probability of the fiber-matrix interface failure is given for each family of the fiber
orientation θ by [19]:




 2 !m !
ð7Þ
where m is a statistic parameter related to the dispersion of the microstructure. The normal
stress σ and the shear stress τ depend on the macroscopic stress and orientation of the fiber, the
volume fraction, the aspect ratio of the fiber, and the elastic properties of the matrix and the
fiber.
Consequently, at each calculation step, n, the local interface failure probabilities are
calculated and give access to the quantities of fibers damage. As a result, the local state of
damage is described at each calculation step, n, by:
The proportion of non-damage fibers is as follows [14]:
f NDn ¼ 1−Pnr
 
*f NDn−1 ð8Þ
The proportion of “active fibers” including the “non-damage” ones and a part of the damaged
ones which continue participating to the global stiffness is as follows [14]:






where k is a stiffness contribution parameter evaluated by an FE calculation performed on a
unit cell [44].
Two kind of unit cell containing a unique fiber are modelized using the periodic homog-
enization technique. The first one considers a perfect interface, whereas the second one
includes a partially debonded interface. The comparison between the two obtained results
leads to an average value of k.
The proportion of micro-cracks which are modelled by penny-shape zero-stiffness hetero-
geneities is as follows [14]:
f mcn ¼ f mcn−1 þ h:Pnr : f NDn−1 ð10Þ
where h corresponds to the ratio between the volume of the penny shape and that of the
damage fiber.
1.3 Micromechanical Modeling of Damage at Fiber-Matrix Interface
Despite the enormous work already conducted within the research of discontinuous fiber
reinforced polymers, some deficiencies still exist. Some of those deficiencies are addressed by
the presented model. Few-models, for example, are physically motivated and take the micro-
scale into account, but they are still efficiently applicable to calculations of structural compo-
nents (e.g., parts that are of interest to the industry [45–48]).
Our model is based on a quadratic interfacial criterion [14, 19, 49] expressed in terms of
normal and shear local stresses at the fiber-matrix interface associated to their corresponding
failure values. In order to reflect the effect of the strain rate loading at a fiber-matrix interface
scale, the local normal and shear failure stresses should progressively increase.
Moreover, the principal aims are to identify the mathematical form of the evolution of the
proposed fiber-matrix interface failure criterion parameters.
It should be mentioned that this criterion is independent of the macroscopic tridimensional
applied loading, due to its local nature. Therefore, it may be identified on the basis of simple
tensile dynamic loading results and applied to a real structure design for anisotropic stiffness
reduction prediction, which was not the case for Jendli [20] who worked with a boundary
stress that varies from one loading strain rate to another.
The experimental results obtained on SMC composites under a high-speed load show that
an applied macroscopic strain rate leads to the progressive diffuse damage of fiber-matrix
interfaces. Indeed, at a local scale, the interface zone (or interphase) is subjected to local speed
loading [9]. Each interface location is submitted to a specific displacement speed of normal
local stresses and of shear (σ and τ). The local amplitude can be evaluated by Eqs. (3–6).
Hence, the local interfacial load depends, among other factors, on the microstructure, the
imposed macroscopic load and the local orientation of the considered fiber.
As a consequence, we can consider that the local stresses of the interface-interphase (σ and
τ) undergone with a time increment Δt by the interface zone can modify the limiting stresses
(σ0, τ0) (Eqs. 11 and 12) due to two local phenomena:
& The decohesion of the interface mainly sensitive to the strain rate [48–51]
& The redistribution of local stresses due to diffuse damage on other interfacial sites
σ0 ¼ a*Exp b
σ̇
 c




τ0 ¼ d*Exp e
τ̇
  f




where a, b, c, d, e and f are material parameters to be identified.
The parameters of this local criterion are identified by reverse engineering based on the
experimental results described in the Sect. 2.
As a result, to take into account, the local effect of the load applied to the apparent
resistance of the fiber-matrix interface, we can consider that the associated local failure
criterion requires a progressive increase in the parameters of the interfacial resistance (σ0,
τ0). This development should relate to:
& Local and tangential interfacial stress amplitudes (σ and τ)
& Applied strain rate
& Speed of normal and tangential stresses
1.3.1 High-Speed Damage Predicting Procedure
Since the evolution of the parameters of the interfacial resistance is identified, we can use the
micromechanical damage model presented above to predict speed damage. To this end, we
propose an algorithm illustrated in Fig. 5. The input data include the elastic characteristics of
the different phases, the orientation distribution of the fiber, the parameters of the initial
interfacial resistance (σ0, τ0), the imposed macroscopic strain, εⅈmp, the applied strain rate,
and the time increment Δt.
The obtained result then relates to the mechanical properties of the damaged composite
material. The described approach allows, among other things, estimating the losses in com-
posite stiffness in all directions as the mechanical loading changes, and it allows also clearing
the stress-strain curve.
The interfacial stress fields σ (θ, φ), τ (θ, φ) can be calculated for each fiber-matrix
interface location (θ, φ). Thus, the maximal value of the probability of the interfacial
failure can be determined for each fiber orientation so as to calculate the corresponding
new volume fractions of undamaged fibers. At the same time, the density distributions of
active fibers (always contributing to the composite stiffness) and of interfacial
microcracks are calculated. Therefore, first stage homogenization, including active fibers
only, is carried out. Then, the second homogenization step permits determining the whole
of the damaged composite, including the active fibers and the micro-cracks at the
interface of the fiber matrix for the considered number of increments and the imposed
macroscopic strain. After the increments, a new value of the applied time is defined, and
this procedure is repeated.
2 Identification: Results and Discussion
The procedure described below is based on the local stresses calculated at the fiber/matrix
interface. However, as presented in Sect. 3, the multi-scale model (Mori-Tanaka) allows access
to local stress fields (σ and τ) in the fiber and at the fiber/matrix interface from the
macroscopic strain applied to the composite RVE.
For a well-defined applied macroscopic strain rate, Fig. 6 depicts the profiles of normal and
tangential stresses, respectively, which are calculated for each time increment for 60 s−1.
The main idea of our approach is to identify the evolution of the limit stress at the fiber-
matrix interface during a periodic loading. As this phenomenon occurs on a local scale, this
evolution should be independent of the imposed macroscopic load. Indeed, Eqs. 11 and 12
clearly indicate that the evolution of the interfacial force is linked to the local interfacial
stresses (σΔt,τΔt) and to the speed of these stresses (σ̇Δt;τ̇Δt) which rise with the increment of
the applied time. Once the interfacial stress fields σ (θ, φ), τ (θ, φ) are calculated and their
Fig. 5 Micromechanical dynamic damage prediction algorithm
evolution is brought out, then we can directly calculate the limiting stresses (σ0, τ0) through
(Eqs. 11 and 12) implemented in the model. This allows us to calculate the damaged rigidity
matrix during each calculation step where the principle has been already detailed in Fig. 5.
Once the criterion is identified as a function of the strain rate, the modeling procedure,
described in the previous paragraphs, allows the stress-strain curves to be simulated for
different strain rates [17]. Figure 7 shows simulated stress-strain curves compared to those
obtained experimentally for two different strain rates. We can note a good correlation between
them for various strain rates. The model identified at the microscopic scale is validated at the
macroscopic scale for the tensile tests.
The developed multi-scale model makes it possible to predict the reduction in 3D stiffness
caused by the high-speed load obtained at different crosshead speeds (Fig. 8). Furthermore, the
micromechanical model is used to determine the evolution of the macroscopic criterion of
damage for an SMC composite subjected to different paths of a 3D loading: proportional and
no proportional. A macroscopic law of 3D visco-damage for an anisotropic material is
established taking into consideration the anisotropy evolution due to the multi-axial load.
The determination of the macroscopic criterion is therefore based on the obtained experimental
data.
According to the model results, we can see that when the strain rate rises, the material
resists more. Therefore, the threshold stress increases, which validates our results.
Fig. 6 Normal local stress and shear stress profile for θ ∈ [0°, 90°], φ = 0°
Fig. 7 Comparison of experimental results and modeling at macroscopic: stress-strain curves for two strain rates:
(a) 1 and (b) 60 s−1
3 Conclusion
The experimental approach has ensured for the A-SMC composite that the strain rate effect has
mainly conditioned the threshold and kinetics of deterioration, at the fiber-matrix interface.
Indeed, the strain rate effect on the interface failure is got thanks to the proposal of a local
statistical criterion sensitive to the strain rate in terms of threshold and kinetics. Identification
has been carried out at the local scale, and the model has been validated at the macroscopic
scale based on the results of rapid traction. Thus, the work presented in this article is an
evolution towards a dynamic version of models statically developed on these materials. The
obtained results are in good agreement with the experiments.
The present work constitutes a contribution to the prediction of the macroscopic behavior of
staple fiber composites subjected to a dynamic load. In fact, these approaches can be useful for
configuring behavior data, which are used in dynamic FE codes. It can be introduced as a law
user or it can identify a macroscopic behavior law. Moreover, the micromechanical model can
describe the degradation of directional stiffness under a general loading path.
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